Within the wide spectrum of axonal diameters occurring in mammalian nerve fibers, each class of neurons has a relatively restricted range of axonal calibers. The control of caliber has functional significance because diameter is the principal determinant of conduction velocity in myelinated nerve fibers. Previous observations support the hypothesis that neurofilaments (NF) are major intrinsic determinants of axonal caliber in large myelinated nerve fibers. Following interruption of axons (axotomy) by crushing or cutting a peripheral nerve, caliber is reduced in the proximal axonal stumps, which extend from the cell bodies to the site of axotomy. (The distal axonal stumps, which are disconnected from the cell bodies, degenerate and are replaced by the outgrowth of regenerating axonal sprouts arising from the proximal stump.) This reduction in axonal caliber in the proximal stumps is associated with a selective diminution in the amount of NF protein undergoing slow axonal transport in these axons, with a decrease in axonal NF content, and with reduced conduction velocity. The present report demonstrates that changes in axonal caliber after axotomy correlate with a selective alteration in NF gene expression. Hybridization with specific cDNAs was used to measure levels of mRNA encoding the 68-kDa neurofilament protein (NF68), ,3-tubulin, and actin in lumbar sensory neurons of rat at various times after crushing the sciatic nerve. Between 4 and 42 days after axotomy by nerve crush, the levels of NF68 mRNA were reduced 2-to 3-fold. At the same times, the levels of tubulin and actin mRNAs were increased several-fold. These findings support the hypothesis that the expression of a single set of neuron-specific genes (encoding NF) directly determines axonal caliber, a feature of neuronal morphology with important consequences for physiology and behavior.
The synthesis and axonal transport of neurofilament (NF) proteins are thought to play a major role in the control of axonal caliber in large myelinated nerve fibers (1, 2) . This concept is based on several observations: in normal nerve fibers NF are the most numerous cytoskeletal elements, NF density remains constant over a wide range of calibers, and NF number correlates closely with axonal area (1, (3) (4) (5) . The relatively constant density of axonal NF is closely related to the presence of interfilament cross-bridges that appear to determine the spacing between adjacent NF (4, (6) (7) (8) . The observation that the 200-kDa NF protein (NF200) is directly associated with these cross-bridges (8) raises the possibility that cross-bridge formation is an intrinsic property of NF. Thus, the volume of axoplasm occupied by the three-dimensional network of interconnected NF correlates closely with the number of NF profiles per axonal cross-section. Nevertheless, it should be noted that the close relationship between axonal caliber and NF content present in normal fibers is altered in a variety of pathological situations-e.g., NF density is markedly increased in giant axonal neuropathy (9) , hexacarbon (10) , iminodipropionitrile (IDPN) (11) , and aluminum intoxication (12) , and in internodes that have undergone segmental demyelination (13) .
We propose that NF gene expression, at least in part, specifies axonal caliber in large myelinated nerve fibers. Because axonal caliber is the principal determinant of conduction velocity in myelinated fibers (14) (15) (16) , the control of caliber has important functional implications. For example, in the simplest neuronal circuit, the monosynaptic reflex arc, the latency (duration) of the reflex changes when axonal caliber is altered (17) . Moreover, conduction velocity declines in diseases associated with reductions in axonal caliber (e.g., Charcot-Marie-Tooth disease) (18) . Thus, according to this hypothesis, axonal caliber, a feature of neuronal morphology with important physiological consequences, is specified by NF gene expression.
In this study we further tested the hypothesis that NF gene expression specifies axonal caliber in large myelinated nerve fibers. A simple maneuver, axotomy, was used to induce a reduction in axonal caliber in nerve fibers. This highly reproducible model system allows investigation of the nature and time course of changes in the axonal cytoskeleton (1, 2) . Crushing the sciatic nerve is followed by a reduction in the relative amount (but not the velocity) of pulse-labeled NF protein undergoing axonal transport in rat lumbar motor neurons (2) . Decreased transport of NF proteins in motor fibers is associated with a concomitant reduction in axonal caliber that begins near the cell body (soma) and proceeds anterogradely at the rate of slow axonal transport (1); we have termed this process "somatofugal atrophy." Quantitative ultrastructural studies showed that NF density is unchanged in atrophic axons, but NF numbers are reduced in proportion to the diminution in axonal cross-sectional area (1) .
A central but heretofore unresolved question is whether this sequence of events reflects reduced NF gene expression, or, alternatively, changes in the "gating" of newly-synthesized proteins into the axon. To examine this question, we studied the response of sensory neurons in rat dorsal root ganglia (DRG) at various times after axotomy. The DRG contains neurons with a wide range of axonal calibers, including the la sensory fibers, which are among the largest myelinated axons in the mammalian nervous system (19 tTo whom reprint requests should be addressed.
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process in the peripheral nerve (19) . Axotomy of the peripheral process leads to reductions in axonal caliber (20) and conduction velocity (21, 22) in both the peripheral and central processes. These reductions in caliber correlate with concomitant decreases in the amounts of pulse-labeled NF protein undergoing axonal transport in these processes (23) .
To monitor any alterations in the levels of NF gene expression in response to axotomy of peripheral processes, we measured NF mRNA levels by RNA blotting and in situ hybridization techniques. The results of these studies were correlated with morphometric analyses of affected axons. In concert, these approaches showed that decrease in NF mRNA preceded reductions in axonal caliber. These results support the hypothesis that NF gene expression is an intrinsic modulator of axonal NF content and thus of axonal caliber.
MATERIALS AND METHODS
Morphometric Analyses of Sensory Fibers. Sciatic nerves of anesthetized (chloral hydrate; 400 mg/kg i.p.) 7-week-old male Sprague-Dawley rats were crushed twice for 30 sec at the junction of the L4 and L5 spinal nerves using a no. 7 Dumont jeweler's forceps. Previous studies have shown that this method completely interrupts all axons in the nerve (1, 2) . At 4, 7, 14, 21, 28, and 35 days after axotomy, animals were anesthetized and perfused through the ascending aorta with 5% glutaraldehyde in 0.1 M Sorenson's phosphate buffer (pH 7.3). Segments were obtained from the proximal, middle, and distal regions of L5 dorsal roots, which extended 0-3, 12-15, and 24-27 mm from the spinal cord, respectively, and from the peripheral branches of these sensory axons in the mixed spinal roots (adjacent to the ganglion). Control segments were obtained from unoperated, contralateral nerves. After processing, tissue was sectioned, stained, and photographed. Axonal areas were measured as previously described (1) in 200 randomly selected axons in the central and peripheral projections of individual L5 DRG at each time period. The percentile of axons (percent of axons with areas equal to or less than a given value) was plotted as a function ofcross-sectional area to compare areas at various times after axotoMy.
RNA Blots. Between 2 and 70 days after bilateral sciatic nerve crush, animals were killed by anesthesia, and L4 and L5 DRG were removed. Unoperated control animals of the same starting age were similarly dissected. Eight to 12 ganglia (from two or three animals, respectively) were pooled. An advantage of this system is that all nerve cell bodies are harvested by DRG removal, free of contamination by other populations of neurons. RNA isolated from these ganglia (24) was separated on agarose-formaldehyde gels and transferred to nitrocellulose membranes for hybridization with 32P-labeled cDNA (25) . The NF68 cDNA was previously described (26); actin and /3-tubulin cDNAs were clones pAl and pT2, respectively (27) . Labeled hybrids were detected autoradiographically and quantitated densitometrically using a computer-based system (Loats Associates, Westminster, MD).
In Situ Hybridization. Two weeks after the sciatic nerves of 7-week-old rats were crushed unilaterally, animals were anesthetized and perfused through the ascending aorta with 0.9% saline followed by 4% paraformaldehyde. L5 DRG were removed, embedded in paraffin, and sectioned (6 Anm). Tissue sections were hybridized with 35S-labeled cDNA according to published methods (28) . The density of silver grains over neurons (number per unit area) was analyzed using a computer-based system (Loats Associates).
RESULTS
Axonal Atrophy in Lumbar Sensory Fibers. To determine the time course of axonal atrophy in lumbar sensory neurons, we performed quantitative morphometric analyses of axotomized and control axons. As shown in Fig. lA , when the percentile of axons (percent of axons with areas equal to or less than a given value) is plotted as a function of cross-sectional area, the distributions are nearly superimposable in peripheral and central branches of control axbns. In axotomized neurons, reductions in caliber near the DRG occurred earlier in peripheral than in central branches; reductions were first detected in the peripheral branch at 4 days after crush, and in the central branch at 14 days ( Fig. 1  B and C) . As presented in Table 1 , maximal reductions in axonal areas (to 50% ofcontrol values) were demonstrated by 14 days in the peripheral branch and by 28 days in the central branch. The central branch did not show further reductions in caliber after 28 days (data not shown).
To examine in greater detail the spatial distribution of atrophy in the central branch, caliber was measured at proximal, middle, and distal levels of the L5 dorsal root at 4 weeks after axotomy. Reductions in axonal caliber were greatest near the cell bodies: mean axonal cross-sectional areas were 52%, 79%, and 84% of control values in segments located near the DRG, in the middle of the root, and adjacent to the spinal cord, respectively. Thus, it was clear that lumbar sensory neurons responded to axotomy by a decrease in axonal caliber that began near the cell body and advanced distally (somatofugal atrophy).
LeVels of NF mRNAs Following Axotomy. To determine whether the decrease in axonal caliber was accompanied by altered gene expression of NF proteins, levels of mRNA encoding NF68 were examined in total RNA isolated from DRG at various times after axotomy. Equal amounts of RNA from each sample were analyzed electrophoretically, transferred to nitrocellulose membranes, and NF68 mRNAs were detected by hybridization to a 32P-labeled cloned DNA probe. The resultant autoradiogram (shown in Fig. 2 ) demonstrated that both of the two known mRNAs (with lengths of 2.5 kb (26) that are encoded by a single NF68 gene were present in sensory neurons, although the smaller RNA species was clearly more prominent (Fig. 2, control lane) . These RNA blots revealed that there was a 2-to 3-fold decrease in NF68 mRNAs in IDRG between 4 and 42 days after axotomy. At intermediate times after axotomy (e.g., 14 days), the reduction was greater for the 2.5-kb mRNA than for the 4.0-kb NF68 mRNA (Fig. 3) . By 70 days, when nerve regeneration was completed, levels of NF68 mRNA returned to normal (Fig. 2, 70-day lane) .
These blots demonstrated that NF68 mRNA accounted for a smaller proportion of total RNA in axotomized ganglia than in controls. This could result from several mechanisms. First, levels of NF mRNA could be selectively decreased in axotomized neurons. Second, it is possible that the expression of all mRNAs is reduced in these neurons (i.e., the loss of NF mRNA is the result of a nonspecific decrease in all mRNAs). Third, total cellular RNA, :90% of which is ribosomal, could increase without any change in the amount of NF mRNA in individual neurons (i.e., NF mRNA would represent a smaller proportion of total cellular RNA). In order to distinguish among these possibilities, two additional experiments to be described were performed: (i0 blots were hybridized with cDNA probes encoding other cytoskeletal proteins (actin and P-tubulin); and (it) levels of NF68 mRNA in individual neurons were measured using in situ hybridization.
Levels of Other Cytoskeletal mRNAs Following Axotoiny. To determine whether the reduction in mRNA after axotomy (26) . The clear band below the 2.5-kb message corresponds to 18 S ribosomal RNA. Levels of mRNAs were reduced between 4 and 42 days after axotomy, and returned to control levels at 70 days after crush. Ten micrograms of RNA was analyzed on each gel slot; the autoradiogram was exposed for 1 day.
was selective for NF, levels of actin and f-tubulin mRNAs were also examined in axotomized ganglia using duplicate RNA blots. Inspection of these autoradiograms (Fig. 3) clearly demonstrates that at 2 weeks after axotomy, when NF68 mRNA was reduced approximately 3-fold, levels of actin and tubulin mRNAs were increased -2-and -4-fold, respectively. Thus, there was no evidence for a generalized decrease in mRNA levels in axotomized ganglia. On the contrary, the reduction in mRNA was selective for NF68.
Measurement of NF68 mRNA Levels in Individual Neurons Using in Situ Hybridization. To test whether NF68 mRNA levels were reduced in individual axotomized neurons, we used in situ hybridization of labeled NF68 cDNA sequences to tissue sections of axotomized and control ganglia. An example of such an experiment is illustrated in Fig. 4 . Clearly, the levels of NF68 mRNA were reduced in individual neurons after axotomy. Moreover, this qualitative finding was confirmed by quantitation of grain densities. As demonstrated in Fig. 5, 2 weeks after axotomy there were significantly greater numbers of grains per unit area over control neurons than over axotomized neurons. This was true for both large and small neurons (P < 0.001, Student's t test), althoulgh the levels of NF68 mRNA were normally greater over large than small neurons (P < 0.001). For example, at 2 weeks after crush, grain densities declined to 30% and 44% of control values in large and small neurons, respectively (Fig. 5) , indicating a reduction in NF68 mRNA comparable in magnitude to that measured on RNA blots (i.e., reductions of 56-70%o and 65%, respectively). The close correspondence between the results of in situ and blot analyses suggests that the total amount of RNA in these neurons (primarily ribosomal RNA) was not substantially altered after axotomy.
DISCUSSION
Factors Regulating NF Expression. In lumbar sensory fibers somatofugal axonal atrophy occurs in response to axotomy, and decreased NF transport in these neurons presumably is related to the decline in perikaryal mRNA content for the major NF protein (NF68). This reduction in NF mRNA is selective; the same ganglia show corresponding elevation in levels of mRNAs for actin and tubulin, the other major proteins of the axonal cytoskeleton. These findings are consistent with results showing that the incorporation of labeled amino acids into NF protein by DRG in vitro is selectively reduced after axotomy with a time course similar to that of the reductions in mRNA levels found in this study (29) . Together, they suggest that alterations in NF mRNA levels are mirrored by concomitant changes in rates of NF synthesis. Thus, our results support the hypothesis that NF gene expression is a major determinant of axonal caliber in large myelinated nerve fibers.
Somatofugal atrophy, the morphological correlate of decreased NF gene expression, is initiated when a neuron is disconnected from its targets, and recovery of caliber correlates with reinnervation of targets (1, 30) . This decrease in caliber does not depend on degeneration of the distal axon. For example, all sensory axons undergo somatofugal atrophy early in the course of exposure to acrylamide (31), a neurotoxin which, after more prolonged exposure, induces distal axonal degeneration in long, large-caliber fibers. In addition, somatofugal atrophy occurs in motor fibers after intramuscular injection of botulinum toxin (B. G. Gold, J.W.G., A. Pestronk, P.N.H., E. F. Stanley, and D.L.P., unpublished work), which blocks muscle activity by inhibiting release of quanta of the neurotransmitter acetylcholine from motor nerve terminals (32) . These observations suggest that interactions between neurons and their targets play an important role in maintaining NF gene expression.
Proc. Natl. Acad. Sci. USA 84 (1987) FIG. 3. The expression of NF68, (B tubulin, and actin genes were compared in axotomized (r) and control (c) ganglia 2 weeks after axotomy. Levels of mRNAs were measured using duplicate pairs of samples. NF68 mRNA was reduced in axotomized ganglia as compared with controls. In contrast, tubulin and actin mRNAs were greater in axotomized ganglia than in controls. Ten micrograms of RNA was analyzed on each gel slot; autoradiograms were exposed for 1 day.
We propose that the signal generated by these interactions is carried from the axon terminals to its site (33) , and that the synthesis of these proteins is selectively increased during axonal outgrowth (elongation) in cultured neurons (34) . Although the increased expression of tubulin in axotomized neurons appears to be inconsistent with the previous observation that tubulin immunoreactivity is reduced in the proximal stumps of axotomized motor fibers (2) , this apparent discrepancy may reflect alterations in either the turnover or distribution of axonal tubulin after axotomy; the velocity of tubulin transport increases nearly two-fold after axotomy (2) (35) . In the peripheral branch the earliest postcrush changes in axonal caliber follow a time course comparable to the decrease in NF mRNA levels in the perikaryon. Axonal caliber is reduced in the peripheral branch within 4 days after axotomy, and the full reduction in caliber (mean axonal cross-sectional area is reduced by 50%) is found by 21 days. In the central branch, at a similar distance from the ganglion, axonal atrophy does not occur until 14 days, and the full reduction in caliber is not apparent until 28 days. Thus, the onset of somatofugal atrophy, as previously described in motor axons (1) , and its rate of progression in both the central and peripheral processes correlate with the kinetics of NF transport in these branches.
NF Expression as a Major Determinant of Axonal Caliber.
The expression of NF genes is the primary step in the sequence of events leading to the appearance of NF in axons. Each of the three NF subunit polypeptides (200, 145, and 68 kDa) (36) is encoded by a separate gene (26) . Transcription of these genes yields NF mRNAs, which are translated exclusively in perikarya and proximal dendrites. Shortly after they are synthesized, these proteins are assembled into stable heteropolymers. This assembly also appears to occur exclusively in perikarya (37) . Since axons do not contain ribosomes (38) , NF must be delivered to axons where they undergo somatofugal translocation via slow axonal transport (36) . The absence of unassembled NF subunits in axons precludes local assembly (39) (i.e., NF proteins are transported in the form of NF organelles). Normally, there is relatively little turnover of axonal NF-except at the axon terminals (40, 41) . NF are degraded as they enter the axon terminals, presumably through the action of calcium-activated proteases (40, 42) . [Although this study emphasized the role of NF gene expression in the control of axonal caliber, it should be noted that axonal NF content is also influenced by local changes in the kinetics of NF transport (43, 44) .] Levels of NF mRNA represent the net outcome of the competing processes of synthesis (transcription) and RNA turnover. Although we might anticipate that NF mRNA levels in these neurons are largely under transcriptional control, technical limitations preclude the measurement of mRNA synthesis directly. In any event, our data suggest that either transcription of NF mRNA, or cytoplasmic stabilization of that mRNA, is a primary regulator of axonal caliber in large myelinated nerve fibers.
